Abstract: Emerging data in the field of cardiac development as well as repair and regeneration indicate a complex and important interplay between endocardial, epicardial, and myofibroblast populations that is critical for cardiomyocyte differentiation and postnatal function. For example, epicardial cells have been shown to generate cardiac myofibroblasts and may be one of the primary sources for this cell lineage during development. Moreover, paracrine signaling from the epicardium and endocardium is critical for proper development of the heart and pathways such as Wnt, fibroblast growth factor, and retinoic acid signaling have been shown to be key players in this process. Despite this progress, interactions between nonmyocyte cells and cardiomyocytes in the heart are still poorly understood. We review the various nonmyocyte-myocyte interactions that occur in the heart and how these interactions, primarily through signaling networks, help direct cardiomyocyte differentiation and regulate postnatal cardiac function. (Circ Res. 2012;110:1023-1034.)
G
iven that nonmyocytes outnumber cardiomyocytes in the heart, the dearth of information on these cells is striking. There has been much focus on the role of the endocardium during cardiac development including seminal findings show that these cells generate valvular tissue through an endocardial-mesenchymal transformation (EMT). Moreover, recent data using novel fate-mapping approaches has identified the epicardium as an important source of cardiac fibroblasts in the developing heart. Cardiac fibroblasts play important roles in postnatal cardiac remodeling after injury and stress by helping to stabilize myocardial structure and form scar tissue. Despite these findings, less is understood about the role of nonmyocardial lineages in comparison to cardiomyocytes in both heart development and the postnatal response to injury and repair.
There has been much attention paid to how signaling from the endocardium and epicardium to the developing myocardium promotes cardiomyocyte proliferation and differentiation. From these studies, it is clear that important paracrine signaling pathways such as Wnt, fibroblast growth factor (FGF), and retinoic acid (RA) play important roles in balancing the proliferative and differentiation processes in the developing myocardium. What is less clear is whether any of these pathways or other pathways are reactivated in the adult heart after injury and what their role, if any, is in directing the cardiac injury response. These are key questions as the mammalian heart generally repairs itself through scar formation which involves activation and expansion of cardiac fibroblasts but not cardiomyocytes in the adult. This is quite different than lower vertebrates such as zebrafish, which can repair efficiently through replacement of injured or lost myocardium through cardiomyocyte proliferation. Moreover, in zebrafish it has been shown that the epicardium can respond even at a distance to dramatic cardiac injury through activation of pathways critical for promoting cardiomyocyte proliferation such as RA. Whether a similar mechanism exists in mammals is at this point unknown although a recent report showed that Wnt/␤-catenin signaling in the epicardium is essential for cardiac repair after injury by regulating epicardial cell expansion and epithelial-to-mesenchymal transition. 1 In this review, we highlight recent data on the importance of nonmyocyte lineages in the heart including cardiac fibroblasts, endocardium, and epicardium. Recent studies have demonstrated important plasticity in some of these nonmyocyte cell lineages, which complicates the study of these cells but also opens the door to potential reprogramming of these cells in a setting of cardiac injury and stress to promote cardiomyocyte replacement. Although such ideas are still untested, our increasing knowledge of nonmyocyte lineages in the heart will undoubtedly increase our overall understanding of both cardiac development as well as the ability of the adult heart to respond to stress and injury.
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Dynamic Interactions Between Endocardium and Myocardium
The endothelial cells closely juxtaposed to the myocardium in the heart, called the endocardium, are derived from early cardiac mesoderm. 2 However the origin of endocardial cells has been controversial. Using mouse fate-mapping studies and ex vivo approaches, one model suggests that endocardial and myocardial cells are derived from a common multipotent progenitor within the cardiac mesoderm. [3] [4] [5] [6] [7] A second model is largely based on observations in zebrafish and chick embryos and suggests that endocardial cells in the cardiac mesoderm are prespecified in the primitive streak, before migration to the cardiac crescent, to become endocardium. 3, 8, 9 Through a process of endothelial-mesenchymal transition, the endocardium is also an important source of mesenchymal cells during cardiac valve development. As outlined below, one of the critical roles for the endocardium during heart development is to regulate cardiomyocyte proliferation. Multiple pathways are important for endocardial-myocardial signaling, and many of these act as mitogens as well as promoting cardiomyocyte differentiation (Figure 1 ).
Signaling From the Endocardium Regulates Cardiomyocyte Differentiation and Proliferation
Evidence for the essential role of endocardium in orchestrating myocardial cell maturation and function come from studies on the NRG-1/ErbB2/B4, Notch, VEGF, angiopoietin-1 (Ang-1), and FGF signaling pathways. The vertebrate heart develops initially as the linear tube, consisting of two epithelial layers, the endocardium and the myocardium, widely separated by an extracellular matrix called the cardiac jelly. 10 After looping morphogenesis of the cardiac linear tube to form the multichambered vertebrate heart, the process of trabeculation occurs to help increase contractility and direct blood flow. Evidence for the necessity of the underlying endocardium for trabeculi formation comes from studies using the zebrafish cloche mutant, which lacks all endocardium and most other endothelial cells. 11 The cloche mutant displayed markedly reduced contractility with distended atria and collapsed ventricles due to failure to develop trabeculation within the ventricle. 11, 12 Further evidence of the importance of the endocardium in trabecular development is highlighted by several mouse mutants which lack or have greatly diminished cardiac trabeculi while still maintaining the presence of endocardium. Neuregulins (NRG) are a family of growth factors synthesized by endothelial cells. 13 It has been shown that NRG-1 is able to promote cell survival and growth via activation of ErbB receptors. 13, 14 NRG-1 is expressed in the endocardium, where it is released as a paracrine signal that activates the tyrosine kinase receptor ErbB4 and its coreceptor ErbB2, expressed on adjacent cardiomyocytes. Activation of the ErbB2/ErbB4 receptor complex by NRG is required for trabeculation of the primitive heart. [15] [16] [17] As in the cloche mutant zebrafish embryo, global loss of NRG-1 in the mouse also resulted in absence of ventricular trabeculation, with subsequent failure of myocardial maturation and embryonic lethality. [15] [16] [17] [18] In mouse embryos with homozygous null alleles for either of the NRG-1 myocardial receptors, ErbB2, or ErbB4, the heart tube formed and looped normally, but trabeculation was blocked. 15, 16 Conversely, using the whole mouse embryo culture system, Hertig et al showed that injection of NRG-1 through the ventricular wall into the developing heart led to hypertrabeculation. 19 NRG-1 can promote the proliferation, survival, and hypertrophic growth of cultured neonatal cardiomyocytes, 20 which may explain why this growth factor is essential for normal trabeculation. IGF-1 is also secreted by the endocardium. 21, 22 Whereas loss of IGF-1 has no apparent effect on cardiomyocytes by itself, IGF-1 interacts with NRG-1 synergistically to promote ventricular cardiomyocyte proliferation and maturation. 19 The NRG-1/ErbB4 pathway has recently been shown to promote proliferation in differentiated cardiomyocytes. 23 Bersell et al showed that exposure of less differentiated mononuclear cardiomyocytes, but not more differentiated binucleated cells, either in vitro or in vivo, to NRG-1 caused them to proceed through the cell cycle. Global loss of the receptor ErbB4 resulted in a reduction in cardiomyocyte proliferation, whereas increased ErbB4 expression enhanced cardiomyocyte proliferation. 23 NRG-1 also promoted cardiac regeneration after ischemic injury presumably through promoting cardiomyocyte proliferation in these studies. Thus, the NRG-1/ErbB4 pathway may be a promising new therapeutic target for promoting cardiomyocyte proliferation and regeneration in the setting of injury and disease.
Another important pathway in endocardium development is Notch signaling. Ventricular Notch1 activity is highest in presumptive trabecular endocardium at E8.5 and mutant embryos with endocardial-specific deletion of RBPJk or Notch1 showed impaired trabeculation and reduced EphrinB2, NRG1, and BMP10 expression. 24 Using in vitro whole embryo culture system, Grego-Bessa et al showed that exogenous BMP10 rescued myocardial proliferation in RBPJkdeficient hearts, whereas exogenous NRG1 rescued myocardial differentiation defects in these mutants. 24 The tyrosine kinase receptor VEGFR-2 (also known as Flk-1) is expressed at an early stage in all endothelial cells, including the endocardium. Mutant embryos deficient in Flk-1 expression lacked an obvious endothelial lineage and also lacked cardiac trabeculation, resulting in embryonic demise by E9.5. 12,25 Tie-2 (also known as Tek) is an additional tyrosine kinase receptor expressed in endocardial cells. Binding of Ang-1, which is expressed in the myocardium, is required for Tie-2 mediated initial differentiation and proliferation of endocardium. Germline deletion of Ang-1 or Tie-2 causes embryonic lethality in mouse. 26 -28 Notably, the initial differentiation and assembly of endothelial cells is unperturbed in these mutants. 26 -28 Tie2 null mutant embryos underwent normal vasculogenesis but died by E10.5 as a result of hemorrhaging and cardiac failure. The endocardial lining was poorly formed and had a collapsed appearance, resulting in markedly diminished myocardial trabeculation. 26 Moreover, Ward et al showed that overexpression of Ang-1 in myosin heavy chain ␣-expressing cells under control of doxycycline led to embryonic lethality between embryonic days 12.5-15.5 due to dilated atria, thinning of the myocardial wall, and lack of coronary vessels. 29 However, one concern with these studies is that Tie-2 and Ang-1 are also expressed in the extraembryonic tissues, such as placental endothelium. 30 Thus the lethality of Tie-2 mutants might be due to the defects in placenta development. These studies suggest that Ang-1 produced by the myocardium influences the development of the adjacent endocardium, which, in turn, provides key paracrine signals required for normal myocardial trabeculation.
FGF signaling is also an important pathway that regulates cardiac development through the paracrine activity of ligands expressed in the endocardium. [31] [32] [33] FGF-9, FGF-16, and FGF-20 are all expressed in the endocardium during cardiac development. 31, 33 These FGFs signal to the myocardium through FGFR1 and FGFR2, stimulating myocyte prolifera- tion and differentiation. Recently, Zhang et al showed that endocardial loss of the transcription factor Foxp1 using Tie2-cre mediated excision led to embryonic lethality with reduced myocardial proliferation and a hypoplastic myocardium. 33 Decrease expression of FGF3/FGF16/FGF17/FGF20 was observed in the embryonic heart with the endocardialspecific deletion of Foxp1. Moreover, the loss of myocardial proliferation could be rescued by addition of exogenous FGF20. 33 Together, these studies suggest that the endocardium regulates cardiomyocyte proliferation and maturation in a paracrine manner.
Signaling From Cardiomyocytes Regulates EMT
Endocardial cushions are formed in the outflow (OFT) and atrioventricular canal (AVC) regions of the embryonic heart, in part, by EMT of the endocardium to mesenchyme. 34 Multiple signaling pathways and transcription factors regulate this EMT process and subsequent cardiac valve development including TGF-␤, BMP, Wnt, and Notch signaling pathways. 35, 36 During mouse heart development, TGF-␤2 is expressed in the endocardium and myocardium of the OFT and AV regions at the time when EMT occurs. [37] [38] [39] Absence of TGF-␤2 in mice results in abnormal valve leaflets and septa that derive from endocardial cushion tissue. 35, 36 Using explanted chick endocardial cushions cultured on collagen gels, Potts et al showed that inhibition of TGF-␤3 blocked the EMT in AV endocardium cocultured with associated myocardium. 40 Nakajima et al also showed that the expression of TGF-␤3 in AV endocardium was induced by myocardial derived signals other than TGF-␤3 and that TGF-␤3 functioned in an autocrine manner to induce phenotypic changes in endothelial cells. 41 TGF-␤ activity has been associated with Wnt/␤-catenin pathway in the induction of EMT in mice. 40 Mice lacking ␤-catenin in the developing endothelium through Tie2-cre-mediated deletion failed to form AVC endocardial cushions due to defective EMT. In zebrafish, overexpression of Wnt inhibitors APC or DKK1 inhibited AVC endocardial cushion formation. 42 These results demonstrate that TGF-␤ and Wnt/␤-catenin signaling are important to induce EMT, a process critical for formation of endocardial cushions and cardiac valves in the developing heart. However, the interplay between these pathways has not been well defined and is probably important for proper valve development in the heart.
BMPs are members of the TGF-␤ growth factor superfamily and are also expressed in the myocardium adjacent to the endocardial cushions where they act synergistically with TGF-␤ to initiate EMT. [43] [44] [45] During murine cardiogenesis, BMP2 and BMP4 are expressed in the myocardium of the OFT and AVC regions. 46 ,47 BMP2 treatment of AVC explants enhances TGF-␤-induced EMT. 45 This suggests that BMP is a myocardium-derived inductive signal that regulates AV cushion EMT. Supporting this concept, Sugai et al indicated that BMP2 could substitute for myocardium to induce EMT, TGF-␤2 expression, and initiate EMT in cultured mouse AV endothelial monolayer. 44 Mice lacking myocardial BMP2 expression exhibited no AVC endocardial cushion mesenchyme formation. 48 Deletion of BMP receptor-1A in endocardium led to decreased phopho-SMAD1/5/8 activity and defective EMT in the endocardial cushion. 48 Taken together, these studies demonstrate an important role for the TGF-␤ superfamily, including both TGF-␤ and BMP ligands, in promoting the endocardial EMT process critical for proper cardiac valve development.
Several Notch ligands and receptors Notch1-4 are expressed in the endocardium during endocardial cushion formation. 24, 40, 49 Mouse embryos with complete loss of either Notch1 or RBPJk showed collapsed, hypocellular endocardial cushions, and the endocardial cells failed to show ultrastructural signs of EMT. 49 This loss of EMT was associated with diminished Snail expression and failure to inhibit VE-cadherin expression. Conversely, overexpression of the Notch1 intracellular domain in endothelial cells resulted in Snail induction, loss of VE-cadherin expression, and morphological changes consistent with EMT. 49 
Communication Between Cardiomyocyte and Endothelial Cells Regulates Cardiac Conduction System Development
The inductive signaling from endothelial cells plays an essential role in cardiac conduction system development. The cardiac conduction system controls the generation and propagation of electric activity through the heart. Cardiac conduction is initiated by the sinoatrial node (or pacemaker). After a delay mediated by the atrioventricular node, the electric activity is rapidly transmitted to the ventricular apex through the His-Purkinje system. 50 There has been a long-standing debate as to the origin of conductive cells, particularly Purkinje fibers. This debate is due, in part, to observations that the conductive cells express certain neuronal makers as well as genes expressed by cardiomyocytes. [51] [52] [53] [54] By using replication-defective retroviral infection, Mikawa et al carried out the pioneering clonal analysis experiments in avian embryos, which showed that conduction cells predominantly differentiate from a subset of contractile cardiomyocytes. 51 The theory of the myogenic origin of the conduction system is further supported by the findings that embryonic myocytes have the potential to convert their phenotype into Purkinje fiber conduction cells in response to paracrine signals. Gourdue et al infected chick embryonic cardiomyocytes with endothelin-1 (ET-1), a cytokine produced by the endothelial cells of coronary arteries and endocardium. ET-1-expressing cardiomyocytes upregulated expression of several Purkinje fiber-specific genes. 55 Hyer et al also showed that global or localized manipulation of the coronary branching patterns led to abnormal organization and induction of the peripheral conduction network. 56 Consistent with this idea, embryonic cardiomyocytes converted in vitro to impulse-conducting Purkinje cells after exposure to endothelin-converting enzyme, a metalloprotease essential for converting the endothelin precursor polypeptide into an active peptide. 57 Additional signaling pathways have been implicated in regulation of Purkinje fiber development. Bond et al revealed that the treatment of cardiomyocytes with ET-1 led to increased expression of Wnt11 and Wnt7a, suggesting Wnt signaling might be involved in inducing Purkinje fiberspecific genes. 58 Recently, NRG-1 has been shown to induce differentiation of cardiomyocytes to components of the car-diac conduction system. The addition of exogenous NRG-1 in whole mouse embryo culture caused expansion of conduction system marker expression and changes in the ventricular electric activation pattern. 59 In zebrafish, Notch1b and NRG are required for specification of central cardiac conduction tissue. 60 Thus, differentiation of Purkinje fibers may be spatiotemporally regulated both by inductive signals from endothelial cells.
Dynamic Interactions Between Myocardium and Epicardium
Epicardium Influences Myocardial Development Soon after the heart tube forms, the epicardium begins to ensheath the heart to form the outmost epithelial layer. The epicardium is derived from the proepicardium, which resides posterior and dorsal to the forming heart tube. 61 As a result of epithelial-to-mesenchymal transition, the epicardial-derived cells (EPDCs) are currently thought to be a major source of cardiac fibroblasts, undifferentiated subepicardial mesenchymal, coronary endothelium and coronary vascular smooth muscle cell (VSMCs). 62 The importance of the epicardium in modulating myocardial development was demonstrated by elimination of the proepicardium (PE). The major consequence of the absence of PE was a thin myocardial compact layer within the ventricular wall that resulted in poor cardiac function and embryonic lethality. 63, 64 This suggests that epicardium acts as a source of secreted paracrine signals for proper myocardial development.
Several important paracrine signaling pathways have been shown to be involved in myocardial development, including FGF, Shh, RA, and Wnt. In embryonic chick heart, Pennisi et al used microsurgical inhibition of epicardial formation to examine cardiomyocyte proliferation. 64 Epicardium-deficient hearts displayed a reduction in the thickness of the ventricular compact zone. Expression of FGF-2 and FGFR-1 were reduced in the myocardium in these experiments suggesting that FGF-2 signaling from the epicardium was necessary for proliferation of myocytes in the compact myocardial wall. 64 However, complete loss of FGF-2 in the mouse heart resulted in no cardiac abnormities, indicating redundant roles for FGFs in ventricular myocardial compaction. 65, 66 Lavine et al showed that FGF-9, FGF-16, and FGF-20 were expressed in the epicardium and these ligands signaled through FGFR-1 and FGFR-2. 31 Mice with complete loss of FGF-9 or a myocardial-specific deletion of FGFR-1/FGFR-2 displayed decreased myocardial proliferation, indicating that interruption of FGF signaling between epicardium and myocardium reduced myocardial proliferation and led to defective differentiation of cardiac myocytes. 31 Recently, Lavine et al revealed a role for epicardial FGF signaling for development of the coronary vasculature as well. These studies showed that epicardial FGF signals induced myocardial activation of Hedgehog signaling, that in turn upregulated VEGF-A, VEGF-B, VEGF-C, and Ang-2 expression, resulting in the formation of coronary vasculature. 67 RA signals are transduced by 2 families of nuclear hormone receptors, the retinoic acid receptors, and retinoid X receptors (RXRs). Conditional deletion of RXR␣ in epicardial-derived cells using Gata5-Cre-mediated exercision has an abnormal phenotype in cardiac development including a detached epicardium and a thin subepicardial mesenchymal layer, which is likely due to decreased FGF-2 production by the epicardium. 68 The coronary arteries are also abnormal in Gata5-cre:RXR␣ mutants, with reduced vascular branching suggesting a defect in coronary arteriogenesis. Notably, persistent expression of atrial myosin heavy chain 2, which is normally downregulated in ventricular myocytes during cardiac development, was observed in the ventricular myocardium of these mutants. This study indicates that the epicardium not only supports myocardial proliferation, but also plays an instructive role in myocardial differentiation. Moreover, there is evidence that epicardial RA signaling may act upstream of FGF and Wnt expression. 68 RXR␣-null epicardial cells express lower levels of both FGF-2, Wnt9b, and ␤-catenin. 68 In addition, these studies showed that FGF-2 could activate epicardial Wnt signaling through the induction of Wnt9b in the epicardium. Taken together, these data suggest a model in which epicardial retinoic acid signaling activates FGF-2 expression directly in the epicardium or indirectly in the myocardium, resulting in the induction of epicardial Wnt9b expression and increased ␤-catenin activation. Activated ␤-catenin in epicardial cells then promotes the process of epithelial-to-mesenchymal transition and coronary vasculature development (Figure 2 ). 68 However, one issue with these studies is that the Gata5-Cre-driven deletion of RXR␣ is not restricted to the epicardium. Gata5-Cre is active not only in epicardium, but also in diaphragm, pericardium, and cardiac cushions. 68 Thus, further studies using an epicardiumrestricted Cre mouse line such as WT-1/cre is needed to clarify whether the above findings are caused by loss of RXR␣ specifically in the epicardium.
Signaling From the Myocardium Regulates Epicardial Development and Function
The key features of epicardial development are the directional protrusion of the proepicardium to the heart tube, epicardial cells migrating to cover the heart, and epicardial cell entry into the myocardium by epithelial-to-mesenchymal transition. 69 -74 Epicardial cells mainly give rise to nonmyocyte lineages, including endothelial cells, vascular smooth muscle cells, and cardiac fibroblasts that are essential to coronary vessel formation and matrix organization. 69, [75] [76] [77] [78] [79] [80] Recent studies from Ishii et al have noted that myocardial-derived BMP signals regulate the entry of PE cells to the specific site of the heart by directing their morphogenic movement. 70 The embryonic chick hearts were transfected with GFP tagged Noggin, a well-established BMP antagonist, to inhibit BMP signaling. Examination of GFP expression in myocardium indicated that misexpression of Noggin disrupted proepicardium attachment to the heart. Conversely, overexpression of BMP2 or BMP4 ligands in the embryonic myocardium resulted in attachment of proepicardial cells to aberrant sites of the heart. 70 Signals emanating from the myocardium can also regulate epithelial-to-mesenchymal transition and subsequent differentiation. The Wnt and FGF signaling pathways have been demonstrated to play a critical role in epicardial development. [81] [82] [83] Multiple Wnt ligands have been shown expressed in the developing myocardium. 84 The primary effector of canonical Wnt signaling is the protein ␤-catenin which is stabilized and translocated to the nucleus on active Wnt signaling where it binds LEF/TCF transcription factors to activate gene expression. Inactivation of ␤-catenin in epicardium using Gata5-Cre results in embryonic death due to reduced myocardial proliferation and a thinned myocardium. 85 Reduced expansion of the subepicardial mesenchyme was noted by reduced vimentin expression, suggesting defects in epithelial-to-mesenchymal transition. Although Gata5-cre:␤-catenin mutants displayed a primitive capillary plexus in the subepicardial space and the coronary venous system, the coronary arterial vessels did not form. However, it is also possible that ␤-catenin functions in the epicardium to maintain important cell-cell interactions. Using an in vitro explant culture system, Von Gise et al showed that treatment of EPDCs with inhibitors of canonical Wnt signaling such as Dkk1 or Sfrp2 led to diminished epithelial-to-mesenchymal transition. 86 This study suggests that Wnt signaling is involved in a cell intrinsic manner in the epicardium to promote proper coronary vessel development. Additional support for an important role of Wnt/␤-catenin signaling in the epicardium comes from studies using Wilms tumor-1 (WT1) mutant mice which have defective epicardial development. 86 WT1-null mutants showed broad defects in Wnt signaling, including reduced expression of epicardial ␤-catenin, downstream transcriptional targets of canonical Wnt/␤-catenin signaling including axin2, cyclinD1 and cyclinD2 as well as Wnt5a, a noncanonical Wnt ligand. 86 Together these studies point to a crucial role for Wnt signaling in regulation of epicardial development.
Among the FGF ligands expressed in the developing mouse heart, FGF10 has been identified in the myocardium. 87, 88 Global inactivation of FGF-10 led to myocardial hypoplasia as well as the defects in cardiac fibroblast formation. 87 Mice lacking FGFR-1 and FGFR-2 in the epicardium exhibited a similar phenotype as that of FGF-10 null mutants. 87 This suggests that FGF-10 signals through FGFR-1/2 in the epicardium to control its development and function. The PDGF signaling and Thymosin ␤4 signaling also regulates myocardial-epicardial signaling. Both PDGF receptors, ␣ and ␤, are expressed in the epicardium in early embryonic development. 89, 90 Epicardial deletion of both PDGF receptors led to failure of epithelial-to-mesenchymal transition and EPDC formation. Notably, loss of PDGFR␣ resulted in a deficient in cardiac fibroblast formation, but normal coronary VSMC development. 89 Conversely, inactivation of PDGFR␤ caused defects in coronary VSMC development, whereas cardiac fibroblasts were unperturbed. 90 These studies indicated that PDGF signals from the adjacent myocardium are required for the proper epicardium development and function. Thymosin ␤4 is a 43-amino acid, G-actin-sequestering peptide implicated in reorganization of the actin cytoskeleton. Thymosin ␤4 is expressed throughout the developing myocardium, but is not expressed in the epicardium. 91 Cardiacspecific knockdown of Thymosin ␤4 mouse embryos using Nkx2.5-Cre revealed that EPDCs were retained in the epicardium and failed to give rise to coronary vessels. 91 This study indicated that Thymosin ␤4 is critical for epicardial development and coronary artery formation.
Interactions Between Cardiac Fibroblasts and Cardiomyocytes
The cardiac fibroblast is the largest nonmyocyte cell population in the adult heart. Cross talk between cardiac fibroblasts and cardiac myocytes is important for both cardiac development and the ability of cardiac repair in response to injury. In the developing heart, cardiac fibroblast synthesizes ECM and growth factors, which regulate cardiomyocyte proliferation in a paracrine manner. Using coculture of cardiac fibroblasts (Thy1ϩ, DDR2ϩ, CD31Ϫ) with cardiomyocytes (Nkx2.5-YFP) from embryonic mouse hearts, Ieda et al showed the embryonic cardiac fibroblast promoted cardiomyocyte proliferation. 92 Knockdown of fibronectin and collagen expression in embryonic cardiac fibroblast by siRNA resulted in decreased cardiomyocyte proliferation. They showed that the ␤1 integrin, the receptor for fibronectin and collagen, was expressed in cardiomyocytes coincidentally with the appearance of cardiac fibroblasts. An antibody against the ␤1 integrin inhibited cardiomyocyte proliferation when coculturing cardiomyocytes with embryonic cardiac fibroblasts. Moreover, ␤1 integrin mutant mice exhibited a reduction in myocardial proliferation and abnormal muscle integrity. These findings suggest that embryonic cardiac fibroblasts regulate cardiomyocyte proliferation through ECM/␤1 integrin signaling during development. However, in the adult heart, the role of cardiac fibroblasts on cardiomyocyte proliferation is still unclear. Studies from Kuhn et al indicated that administration of periostin, a matricellular protein synthesized by cardiac fibroblast, could induce differentiated cardiomyocyte to reenter the cell cycle and undergo cell division in vivo. 93 However, the loss-of-function and gainof-function studies of periostin from Lorts et al demonstrated that periostin did not affect cardiomyocyte proliferation or cell cycle entry. 94 
Cardiomyocyte-Noncardiomycyte Communication in Cardiovascular Diseases
Signaling crosstalk between cardiomyocytes and noncardiomyoctes, including endothelial cells and cardiac fibroblasts, is crucial in the development of cardiac hypertrophy, cardiac fibrosis, ventricular remodeling, and heart failure. The vascular endothelium controls vascular tone by balancing local levels of vasoconstrictors and vasodilators. Under physiological conditions, vascular endothelial cells continuously release nitric oxide (NO), which relaxes surrounding smooth muscle cells and ensures vessel patency. 95 However, in response to injury, such as sustained pressure overload, activation of endothelial cells may lead to diminished NO signaling while increasing levels of endothelial NO synthase (eNOS)-derived reactive oxygen species. 96 NO is known to influence myocardial excitation-contraction coupling, substrate metabolism, and hypertrophy, as well as cell survival, which are in part dependent on eNOS and nNOS expression in cardiomyocytes. 97 Mice homozygous null for eNOS develop concentric left ventricular hypertrophy and fibrosis, 98 indicating the importance of the autocrine and paracrine effects of NO in cardiac remodeling. 99 Accumulating evidences support the notion that an increase in angiogenesis not only may support cardiomyocyte hypertrophy but also may actually induce this process. Using an inducible mouse transgenic model, Tirziu et al showed that mice with ␣-MHC-targeted overexpression of an angiogenic peptide (PR39) exhibit myocardial hypertrophy in the absence of any external stimuli. 100 Heart enlargement in PR39 transgenic adult mice was due to an increase in cardiomyocyte size, and it was prevented by concurrent treatment with an endothelial NOS inhibitor. However, the mechanism by which NO induces cardiomyocyte hypertrophy is not clear. 101 One possibility is that NO may control G␣q-protein-induced hypertrophic signaling. Low levels of NO would favor this hypertrophic program, whereas high NO levels, as a result of an increase in endothelial cell mass, would inhibit this hypertrophic program. 100, [102] [103] [104] Moreover, the link between angiogenesis and myocardial hypertrophy was addressed in another study in which inhibition of VEGF action using an adenoviral vector encoding a decoy VEGF receptor or an anti-VEGF antibody, accelerated the progression from compensatory hypertrophy to cardiac failure in response to pressure overload in mice. 105 Conversely, VEGF treatment during prolonged pressure overload-preserved contractile function. 105, 106 The importance of myocardial regulation of coronary vascular function has been indicated by the role of PDGF signaling and Thymosin ␤4 signaling during the process of adult heart repair after injury. A neutralizing PDGF-Aspecific antibody attenuated induction of pressure overloadinduced atrial fibrosis and fibrillation in mice. 107 However, several inhibitors of receptor tyrosine kinases, including PDGFRs, have been linked to the development of cardiomyopathy in some treated patients. 108 -111 PDGFR in cardiomyocytes is indispensable for the cardiac response to pressure overload and may regulate angiogenesis. 112 For therapeutic targeting PDGF signaling in cardiac remodeling, it will be important to further clarify the precise roles played by the PDGF pathway under various pathological and physiological conditions. Thymosin ␤4 can stimulate migration of cardiomyocytes in vitro and promotes survival of cardiomyocytes and cardiac function in adult mice. 113 The role of Thymosin ␤4 signaling in coronary vessel development has been as-sessed for its potential as a therapeutic target in terms of cardioprotection and repair. Ectopic administration of Thymosin ␤4 in a mouse model of myocardial infarction promoted an angiogenic response. 114, 115 Recent studies have shown that cardiac fibroblasts regulate cardiomyocyte hypertrophy in the adult heart. 116, 117 Angiotensin II (Ang II), a potent hypertropic stimulant, induces TGF-␤ expression by cardiomyocytes and cardiac fibroblasts. 118 TGF-␤, in turn, promotes cardiac hypertrophy by activation of Smad proteins and TGF-␤-activated kinase-1. Complete loss of TGF-␤ in mice showed no significant cardiac hypertrophy or fibrosis when subjected to chronic doses of Ang II. 119 Likewise, an ALK5 (TGF-␤R1) inhibitor inhibited cardiac fibroblast activation and systolic dysfunction in the rat model of myocardial infarction. 120 Moreover, insulin growth factor-1 (IGF-1) signaling is also associated with adaptive and cardioprotective response. IGF-1 is primarily expressed in cardiac fibroblasts, where it activates downstream signal transducers including PI3K, leading to cardiac hypertrophy. 121 Tekade et al showed that Klf5 regulated IGF-1 expression in cardiac fibroblasts in response to stress. 116 Cardiac fibroblast-specific deletion of Klf5 reduced the cardiac hypertrophy and fibrosis initiated by moderate-intensity pressure overload. 116 Recently, connective tissue growth factor (CTGF, also known as CCN2), a TGF-␤-activated factor, has been shown to regulate cardiac fibroblast proliferation and ECM deposition during the progression of myocardial fibrosis. 122 In mice, CTGF is expressed in cardiomyocytes and cardiac fibroblasts. Transgenic mice with ␣-MHC-targeted overexpression of CTGF displayed significantly increased fibrosis and contractile dysfunction in response to pressure overload. 123 Duisters et al showed that CTGF expression is negatively regulated by cardiac microRNA-133 (miR-133) and miR-30. 124 miR-133 is expressed specifically in cardiomyocytes and inhibition of miR-133 expression in vivo by an antagomir causes cardiac hypertrophy. 125 However, complete loss of miR-133a-1 and miR133a-2 showed no evidence of cardiac hypertrophy, but instead resulted in dilated cardiomyopathy and cardiac fibrosis. 126 Despite such discrepant results, enhancing the endogenous regenerative capacity of the heart via extracellular factors is a potential approach to therapeutic cardiac regeneration.
Another important regulatory mechanism of cardiac repair is the Wnt/␤-catenin pathway. A number of studies have shown that several Wnt ligands, along with intracellular mediators of canonical Wnt signaling including Disheveled and ␤-catenin, are induced after experimental myocardial infarction (MI). 1, [127] [128] [129] [130] [131] [132] However, there is conflicting evidence about the role of Wnt pathway in cardiac repair after MI. For example, overexpression of secreted frizzled-related protein 2 (Sfrp2), a Wnt antagonist, caused upregulated expression of antiapoptotic genes in cardiac myocytes. 133, 134 Exogenous administration of Sfrp2 by injection into the injured heart led to reduced infarct size and decreased cardiac fibrosis. 135 However, mice with complete loss of Sfrp2 also exhibited decreased fibrosis and better recovery after myocardial injury. 131 Consistent with the last finding, Hahn et al showed that adenovirus-mediated transfer of constitutively active ␤-catenin, the primary canonical Wnt pathway activator, caused a reduction in myocardial infarct size in a rat MI model, suggesting that canonical Wnt/␤-catenin signaling plays an antifibrotic role during cardiac repair. 136 These discrepant results might be due to the use of different models and techniques to promote or inhibit Wnt signaling. Most recently, 2 studies have demonstrated that the activation of canonical Wnt/␤-catenin is essential for cardiac tissue repair after MI. 1, 132 Using the TOPGAL reporter transgenic mouse line, which carries the lacZ gene under the control of ␤-catenin-responsive consensus TCF/LEF-binding motif, Aisagbonhi et al showed increased activity of canonical Wnt/␤-catenin in subepicardial endothelial cells and perivascular smooth muscle actin-positive (SMAϩ) cells 4 days after MI. 132 Moreover, Duan et al showed the dynamic injury response of Wnt1/␤-catenin activated the epicardium and cardiac fibroblasts to promote cardiac repair. 1 Inactivation of Wnt/␤-catenin signaling in cardiac fibroblasts using Cola2CreERT-mediated excision of ␤-catenin resulted in poor cardiac repair and cardiac dysfunction. 1 These findings reveal that temporal and cell type-specific manipulation of Wnt/␤-catenin signaling could offer a new target for development of therapeutic strategies to improve cardiac repair after acute ischemic injury.
Recently, Ieda et al demonstrated that three cardiac restricted transcription factors, Gata4, Mef2c, and Tbx5 can reprogram neonatal cardiac fibroblasts into cells that resemble cardiomyocytes. 137 These studies also showed that the reprogramming of neonatal cardiac fibroblasts to differentiated cardiomyocytes was more efficient than reprogramming of tail-tip fibroblasts to cardiomyocytes by Gata4/Mef2c/ Tbx5. One explanation is that cardiac fibroblasts express a transcriptome more similar to cardiomyocytes compared with tail-tip fibroblasts. Future studies using additional factors including microRNAs, signaling proteins, or small molecules may lead to increased efficiency of this reprogramming process and allow for in vivo cardiomyocyte reprogramming in the setting of cardiac injury or disease.
Summary
Although our knowledge of the development and response to injury for cardiomyocytes has grown dramatically in recent years, less is known about the role of nonmyocyte populations in the heart. The endocardium and epicardium clearly play critical roles as not only direct contributors to specific tissues within the heart including cardiac valves but also as important signaling centers that help regulate cardiomyocyte proliferation and differentiation. Less understood nonmyocyte lineages including the cardiac fibroblast are likely to become more relevant to our understanding of how cardiomyocytes develop and respond to injury as ongoing studies reveal more about their developmental origins and function. Studies implicating that direct conversion between cardiac fibroblasts and cardiomyocytes through expression of certain transcription factors open intriguing possibilities to promote cardiac regeneration by promoting this process in vivo. Thus, nonmyocytes may ultimately be an important target for maintaining cardiac homeostasis as well as promoting cardiomyocyte regeneration in the setting of injury or disease.
